Highlights d Visual working memory is particularly sensitive to age-related memory impairment (AMI) 
In Brief
Walking flies can memorize the path to a vanished landmark for about 4 s by integrating visual and idiothetic information about their own movements. Rieche et al. show that this memory is rapidly deteriorating with age and depends on amyloid precursor proteinlike (APPL) signaling. Reducing cleavage of APPL ameliorates age-related memory deficits.
SUMMARY
The b-amyloid precursor protein (APP) plays a central role in the etiology of Alzheimer's disease (AD). However, its normal physiological functions are still unclear. APP is cleaved by various secretases whereby sequential processing by the b-and g-secretases produces the b-amyloid peptide that is accumulating in plaques that typify AD. In addition, this produces secreted N-terminal sAPPb fragments and the APP intracellular domain (AICD). Alternative cleavage by a-secretase results in slightly longer secreted sAPPa fragments and the identical AICD. Whereas the AICD has been connected with transcriptional regulation, sAPPa fragments have been suggested to have a neurotrophic and neuroprotective role [1] . Moreover, expression of sAPPa in APP-deficient mice could rescue their deficits in learning, spatial memory, and long-term potentiation [2] . Loss of the Drosophila APP-like (APPL) protein impairs associative olfactory memory formation and middle-term memory that can be rescued with a secreted APPL fragment [3] . We now show that APPL is also essential for visual working memory. Interestingly, this short-term memory declines rapidly with age, and this is accompanied by enhanced processing of APPL in aged flies. Furthermore, reducing secretase-mediated proteolytic processing of APPL can prevent the age-related memory loss, whereas overexpression of the secretases aggravates the aging effect. Rescue experiments confirmed that this memory requires signaling of full-length APPL and that APPL negatively regulates the neuronal-adhesion molecule Fasciclin 2. Overexpression of APPL or one of its secreted N termini results in a dominant-negative interaction with the FASII receptor. Therefore, our results show that specific memory processes require distinct APPL products.
RESULTS AND DISCUSSION
Age-related memory impairment (AMI) affects all animals [4] , and cognitive decline is one of the devastating features of Alzheimer's disease (AD) [5] . Although APP, and more specifically the b-amyloid peptide, has been connected with memory deficits in AD, the role of full-length APP and its various other fragments in AMI is unknown. Wild-type Drosophila flies display AMI at middle age (30-40 days) when tested for middle-term [6] or long-term olfactory memory [7] . Furthermore, Drosophila not only encodes an ortholog for APP, called amyloid precursor protein-like (APPL), but also homologs for all three types of secretases; kuzbanian (kuz) corresponds to ADAM10 considered to be an a-secretase, dBace, the fly b-secretase, and Presenilin (Psn), the catalytic subunit of g-secretase. APPL is processed in a similar way as human APP [8] ; however, the cleavage sites of the a-and b-secretase are reversed [9] . Therefore, cleavage by KUZ produces a shorter secreted N-terminal fragment (NTF) than processing by dBACE. Nevertheless, subsequent g-processing of the b-cleaved C-terminal fragment (bCTF) results in a neurotoxic dAb peptide, whereas cleavage by KUZ does not [8] . Here, we asked whether the very short-term ($4 s) visual working memory in flies [10] is also affected by AMI and whether it requires APPL or one of its proteolytic fragments. Therefore, we aged wild-type flies and heterozygous mutants for the three secretases and assessed their visual orientation memory.
Visual Working Memory Requires Full-Length APPL in R3 Ring Neurons This working memory is tested in the detour paradigm [10] where walking flies navigate between two inaccessible landmarks. During an approach, the targeted landmark disappears and the fly is lured toward a novel distracting landmark. This distracter disappears one second after reorientation so that the fly is now left without any landmarks ( Figure S1 ). Nevertheless, wild-type Canton-S (CS) flies can recall the position of the initial landmark and try to approach it although still invisible (''positive choices'' in following figures). Whereas young CS males make about 80% positive choices, aged flies showed a reduced memory when tested at 4 weeks of age and a complete memory loss when 6 weeks old ( Figure 1A) . Interestingly, heterozygosity for any of the three secretases prevented AMI, with 4-and 6-week-old Psn 143 /+ and kuz e29-4 /+ flies being indistinguishable from young CS flies. When using heterozygous dBace 5243 flies, the improvement compared to age-matched CS controls did not reach significance; however, they made significantly more positive choices than chance level at 6 weeks, whereas CS did not (Figure 1A) . These findings show that visual working memory is deteriorating with age, and they suggest that reducing APPL processing can suppress AMI.
To address whether increased processing of APPL disrupts this memory, we overexpressed the secretases in the R3 ring neurons of the ellipsoid body (using 189Y-GAL4) the seat of visual working memory (for details about the neuronal circuit, see Figure S1 ) [10, 12] . As shown in Figure 1B , expression of any of the secretases reduced the performance already in 3-day-old flies compared to controls, supporting a requirement of full-length flAPPL for this type of memory. On the other hand, western blot analyses using an antiserum directed against the NTFs of APPL (Ab952M [11] ) established that heterozygous secretase mutants have an overall increase especially in flAPPL ( Figure 1C ) which supported our hypothesis on the role of secretases and APPL processing in AMI. Furthermore, a quantitative analysis of the levels of APPL in head extracts from different ages revealed that flAPPL declines with age, whereas the NTF/ flAPPL ratio increases ( Figure 1D ), also suggesting that reduced levels of flAPPL are involved in AMI. To verify that APPL is indeed required for visual working memory, we also tested homozygous Appl d -null mutants [13] and transheterozygous combinations of hypomorphic Appl alleles [14] . All these mutants performed at chance level already when young, confirming that APPL is necessary for this short-termed memory ( Figure 1E ). This function is dose sensitive because even young heterozygous Appl d /+ showed a reduced memory that declined faster with age than in CS females ( Figure 1F ).
Next, we induced an RNAi [15] -mediated knockdown of Appl in the R3 neurons, which resulted in severe memory deficits already in 3-to 5-day-old flies, showing that APPL is required in these neurons for visual working memory ( Figure S2 ). To identify domains in APPL that mediate this function, we performed rescue experiments expressing different APPL constructs via 189Y-GAL4 in young Appl d mutant flies (Figure 2 ). This included full-length flAPPL, secretion-defective sdAPPL, specific deletion constructs, and secreted fragments ( Figure 2D ) [16] . Because the exact cleavage sites in APPL are unknown, we refer to the Boxes always signify 25% and 75% quartiles, thick lines medians and whiskers 10% and 90% quantiles. The random choice level of 58% is shown by a dashed line. Significance to this chance level is indicated in blue below the boxes (non-parametric data, sign test; parametric data, one-sample t test. n.s., not significant; *p < 0.05; **p < 0.01; ***p < 0.001). Shapiro-Wilk test for normal distribution; Kruskal-Wallis ANOVA, and Bonferroni post hoc were used. See Data S1 for statistical analysis and Figure S1 for a schematic outline of the detour paradigm.
secreted fragments as sAPPL Long (L) , which comprises the N-terminal 788 amino acids [16] and should represent the b-cleaved fragment, whereas the 758-amino-acid (aa)-long sAPPL Short (S) should represent the a-cleaved form of Drosophila APPL [17] . In contrast to full-length wild-type APPL, neither of the secreted forms could rescue the memory deficit of Appl d when induced in R3 neurons (sAPPL L and sAPPL S in Figure 2A ). Notably, sdAPPL very effectively rescued the memory phenotype, confirming that unprocessed flAPPL is crucial for visual working memory.
Secretion-Defective sdAPPL Acts as a Ligand and Prevents AMI
Next, we investigated whether APPL functions as a receptor or ligand in R3 neurons. Expression of sdAPPL that in addition lacks the intracellular C terminus (sdAPPL-DC [16] ) did rescue the Appl d memory phenotype, which suggests that intracellular signaling is not required and that APPL does not act as a receptor. Rescue experiments with sdAPPL forms that, in addition, lack one of the two ectodomains (sdAPPL-DE1 and sdAPPL-DE2 [16] ) revealed a requirement for E2 for the rescue but not for E1 ( Figure 2A ). To confirm this, we repeated the rescue experiments with the hypomorphic Appl 4460 allele and APPL, sdAPPL, and sdAPPL-DE1 rescued to full extent, whereas sdAPPL-DE2 did not ( Figure S2 ). These results suggest that membrane-bound APPL functions as a ligand in the ring neurons. This function was conserved in human APP because expression of APP 695 via 189Y-GAL4 in Appl d also resulted in a rescue ( Figure S2 ). Using conditional expression of APPL (by combining 189Y-GAL4 with the temperature-sensitive GAL4 repressor Tub>GAL80 ts [18] ) resulted in the same rescue as constitutive expression, revealing that expression in adult R3 neurons is sufficient to restore the memory in 3-to 5-day-old flies ( Figure 2B ). Notably, using the same expression system to induce moderate overexpression of sdAPPL (at 25 C), we were able to rescue the AMI in a wild-type background ( Figure 2C ), demonstrating that the secretion-deficient unprocessed APPL can prevent the decline of visual working memory of aged flies. Together with the finding that the levels of endogenous flAPPL decrease with age (Figure 1D) , this suggests that a loss of flAPPL underlies the visual working memory deficits that occur during normal aging. Interestingly, an age-related increase in BACE1 activity has been described in vertebrates [19] that could reduce levels of fulllength APP.
Most of APPL functions in synaptogenesis, neurite outgrowth, and guidance described so far required signaling via the C-terminal domain [9, 20] . Analyzing heterozygous Appl d /+ mutant flies or inducing an adult-specific knockdown of Appl in the relevant mushroom body neurons, Preat and Goguel showed that APPL function is not required for olfactory learning, but for a 2-hr associative memory and long-term memory formation [21] . Similar to findings in mice, overexpression of secreted sAPPL L (as well as APPL and sdAPPL) could restore the 2-hr memory in heterozygous Appl d /+ flies, whereas only wild-type APPL could rescue the long-term memory deficit. Because endogenous APPL was still expressed in this rescue experiments, sAPPL L and sdAPPL might act as ligands that bind to flAPPL in mushroom body neurons. The authors therefore suggested that distinct memory phases require different forms of APPL and maybe different intracellular signaling pathways [3, 21] . Notably, overexpression of KUZ in the mushroom body did not affect the 2-hr olfactory memory [21] , whereas KUZ in our study significantly reduced visual working memory. It should also be noted that unprocessed APPL can be deleterious, because expression of sdAPPL in photoreceptor cells caused cell death of lamina glia via an unknown receptor [22] , further emphasizing that individual neuronal networks may require different APPL fragments and signaling pathways.
Due to recent studies suggesting that output from the R3 neurons into the ellipsoid body is instrumental for visual working memory [12] , we hypothesized that full-length APPL is present at the axonal terminals of R3 neurons in the ellipsoid body. To analyze the sub-cellular localization of APPL and its fragments, we used a double-tagged version of APPL (dtAPPL) [23] that carries an EGFP tag near the N terminus and RFP tag at the C terminus ( Figure S3C ), resulting in yellow fluorescence of full-length dtAPPL (or colocalized fragments that have not been separated yet). Using 189Y-GAL4 to induce dtAPPL, we observed that dtAPPL is processed differently in individual R3 neurons ( Figures 3A-3D) , whereby full-length as well as fragments of dtAPPL are found in the cell bodies and axonal/dendritic projections ( Figures 3B-3D) . That significant amounts of unprocessed APPL can be found in the R3 axons in the ellipsoid body ( Figure 3D ) supports the model, that full-length APPL is needed at the R3 output sites. Note that dtAPPL was able to rescue the memory deficit, as did a dtAPP 695 , which showed a similar distribution pattern as dtAPPL ( Figure S3 ).
Having established that full-length APPL can be found at the relevant output sides, we asked whether proteolytic processing of APPL also changes in the R3 neurons with age. Comparing the pattern of dtAPP 695 expressed with the 189Y-GAL4 driver in 3-day-old and 6-week-old flies indicated less full-length dtAPP 695 in aged flies, but, when quantifying this, it did not reach significance (p = 0.064; Figure S3 ). Therefore, we used another R3-neuron-specific GAL4 line (VT42759 [24] ) that results in reduced levels of dtAPP 695 with increasing age ( Figures  3E-3G ) but could nevertheless be used to rescue the memory phenotype of Appl d ( Figure S3 ). Compared to 3-day-old flies, there was little co-localization of GFP-tagged N termini and RFP-tagged C termini in 6-week-old VT42759>dtAPP flies (Pearson's correlation coefficient: 3 days PCC = 0.8855, n = 6 versus 6 weeks PCC = 0.078, n = 5 and p = 0.006; see Figure S3 ), revealing enhanced proteolytic processing of APP. This suggests that AMI of the visual orientation memory is caused by increased ectodomain shedding of APPL and western blot analysis of aged flies supports this notion because during aging the ratio of NTFs to flAPPL increases ( Figure 1D ).
APPL Inhibits the Function of the NCAM140 Homolog FASII in R3 Ring Neurons
To identify a possible receptor for APPL in visual working memory, we focused on the neural cell adhesion molecule Fasciclin 2 (FASII). FASII is enriched in most, if not all types [25, 26] of ring neurons in the ellipsoid body ( Figure S4 ), and it has been shown to interact with APPL in synaptic bouton formation at the The 189Y-GAL4 driver was used in all experiments; n = 25 males for all groups, except in (E) n = 16-25 females; aged 3-5 days; Kruskal-Wallis ANOVA, Bonferroni post hoc. Boxes always signify 25% and 75% quartiles, thick lines medians, and whiskers 10% and 90% quantiles. The random choice level of 58% is shown by a dashed line. Significance to this chance level is indicated in in blue below the boxes. See Data S4 for statistical analysis and Figure S4 for FASII expression analysis in all types of ring neurons.
neuromuscular junction (NMJ) [27] . Moreover, FASII is the insect homolog of neural cell adhesion molecule (NCAM)-140, which has been demonstrated to bind APP in an E2-depending fashion [28] . When we tested young hemizygous mutants for the strong hypomorphic FasII e76 allele [14] in the detour paradigm, they showed no working memory ( Figure 4A ), and the same phenotype was observed when we induced an RNAi [29] against FasII in R3 neurons of 3-to 5-day-old flies ( Figure 4B ; the knockdown was confirmed by immunohistochemistry Figures 4C and 4D ). This phenotype could be rescued by expression of FASII [30] in R3 neurons, which reveals that FASII is required in the same ring neuron subtype as APPL, providing a possible binding partner for APPL ( Figure 4A ). At the NMJ, loss of APPL suppressed the increase in bouton number in heterozygous FasII e76 /+ larvae [27] . We therefore investigated whether removing one copy of Appl could rescue the memory deficits of homozygous FasII e76 mutants. As shown in Figure 4E , this resulted in a significant improvement in performance, as did one copy of the To further investigate interactions between APPL and FASII, we performed overexpression studies using young flies and found that elevated levels of flAPPL or sdAPPL ameliorated the memory deficit induced by FASII overexpression (Figures 4G  and 4H ). However, only wild-type APPL induced memory deficits when overexpressed without FASII. This suggested that a secreted form of APPL can induce a gain-of-function phenotype, and we therefore overexpressed sAPPL L and sAPPL S in R3 neurons. Whereas sAPPL L had no effect ( Figure 4I ), sAPPL S caused a severe impairment of visual working memory ( Figure 4J ). Moreover, overexpression of sAPPL S suppressed the effects of elevated FASII levels, whereas sAPPL L did not. This shows that sAPPL S , which corresponds to the a-cleaved (KUZ) fragment, has deleterious effects when overexpressed and that these are also mediated by an interaction with FASII. Whether the lack of an effect of sAPPL L overexpression is due to a less efficient interaction with FASII or an inability to induce downstream pathways causing this gain of function remains to be determined. Interestingly, overexpression of the dAICD [17] in R3 neurons also disrupted visual working memory of young flies ( Figure S2 ), suggesting that a-and g-cleavage of APPL has deleterious effects on visual working memory. This is in agreement with our finding that heterozygosity for kuz and Psn ameliorated the age-related decline in visual working memory, whereas heterozygosity for dBACE had only a modest effect. This could be explained by assuming that most of the ectodomain shedding in flies is done by KUZ activity. Therefore, reducing dBACE levels might result in a small increase of flAPPL. In addition, competitive KUZ cleavage in dBace/+ flies could result in more detrimental sAPPL S . Whereas in the case of kuz/+, the effects on memory are mediated by the interaction with FASII, in the case of Psn/+ this may be mediated by a transcriptional function of the AICD [1] , affecting a so far unknown target.
Conclusion
In summary, our results show that full-length APPL acts as a membrane-bound ligand that inhibits the FASII receptor (both acting in R3 neurons), thereby promoting visual working memory. Increased proteolytic APPL processing and therefore reduced suppression of FASII signaling then seems to cause AMI in flies. A similar interaction might also be required for working memories in vertebrates. Aging mice show reduced expression of NCAM-140 in the medial prefrontal cortex and a conditional knockout of NCAM in the forebrain promotes AMI in a delayed matching-to-place test in the Morris water maze and in a delayed reinforced alternation test in the T-maze [31] .
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Drosophila melanogaster strains were maintained on standard medium (water, cornmeal, malt extract, molasses, yeast, soy bean, agar, preservative methyl-4-hydroxybenzoate) at 25 C, 60% humidity, and 14h/10h light-dark cycles. For aging, newly hatched flies were separated by gender and transferred to a new vial on every 3rd day. Male flies were used in all experiments, except when heterozygous Appl mutants were studied. paradigm. To induce GAL4 activity, the same flies were incubated at 30 C overnight and tested again after a 15min recovery period. The 189Y-GAL4 Tub>GAL80 ts line was stablished by meiotic recombination [12] . For mild overexpression of sdAPPL in aging flies
189Y-GAL4 Tub>GAL80
ts /UAS-sdAPPL and control flies were raised and aged at 25 C.
METHOD DETAILS

Behavioral analysis
Flies with their wings cut to one third of their length under cold anesthesia (one day before testing) were analyzed in an LED arena that has been described in Neuser et al. [10] ; see also Figure S1 . Individual flies were tested 10 times for positive choices, i.e., orientation toward the position of the vanished landmark.
Immunohistochemistry Immunohistochemistry was performed as described in the Fly Light Project Immunohistochemistry protocol [34] , modifying some steps. Brains were dissected in Drosophila Ringer' solution (3mM CaCl 2 ,2H2O, 182mM KCl, 46mM NaCl, 10mM Tris, pH 7.2) and fixed in 1% para-formaldehyde/Ringer's solution over night at 4 C. All following washes and incubations were done in PAT-3 (0.5% Triton X-100, 0.5% Bovine Serum Albumin, PBS). 3% horse or goat serum was added for blocking cross reactivity for 90min at RT. Primary antibodies were used at the following dilutions in 3% horse/goat serum PAT-3 for sequential incubation at RT (3 hours) and 4 C overnight: anti-FASII 1:100 (mouse); anti-GFP 1:1000 (chicken); anti-RFP 1:1000 (mouse). For visualization of the double-tagged APPL and APP, fluorescent labeled primary antibodies were used: anti-GFP-Alexa 488 1:100 (rabbit); anti-RFP-CF594 1:200 (rabbit). All secondary antibodies were diluted 1:1000 in 3% horse/goat serum/PAT-3. The secondary antibody was diluted in blocking buffer and incubations done for 1-3 hours at room temperature before transferring to 4 C for 4-5 days following mounting in Vectashield. Images were acquired using a laser scanning microscope (Leica TCS SP8) and the Leica LASX software.
Western blot analysis
Adult fly heads were dissected on a cold plate, homogenized in Tris-glycine SDS loading buffer containing protease inhibitor, and allowed to incubate at room temperature for 45 minutes. TCEP (tris[2-carboxyethyl]phosphine) was used to reduce samples at 75 C for 10 minutes, followed by centrifugation at 10,000 x g for 15 minutes. The supernatant was denatured at 75 C for an additional 10 minutes and the equivalent of 2 heads per lane loaded on 3%-8% gradient SDS-PAGE gels. Following transfer to a polyvinylidene fluoride (PVDF) membrane, the blots were washed with Tris-buffered saline plus 0.1% Tween-20 (TBST) and blocked with TBST/ casein blocking buffer. Membranes were then incubated with rabbit anti-APPL serum (1:4000; a gift by K. White, Brandeis University) and mouse anti-GAPDH (1:250) at 4 C overnight. Secondary HRP-conjugated goat anti-rabbit and HRP-conjugated goat anti-mouse antibodies (1:10,000) were used at room temperature for 2-4h. Proteins were detected with enhanced Chemiluminescence DuoLuX. The ratios of pixel intensities were analyzed with Fiji [33] .
QUANTIFICATION AND STATISTICAL ANALYSIS
Quantification of fluorescence signals For quantitative expression assessments of the FASII knock-down, samples were scanned with identical settings and analyzed with Fiji [33] . For measurements of FASII expression in the R3 neurons, a 7 3 3 mm rectangular region of interest was selected on the basis of the strongest 189Y-GAL4>mCD8::GFP expression and a stack of 3 mm thickness created. For a reference, an equally-sized rectangular region (z = 3 mm) was drawn in the area of the surrounding R2-neuron innervation site in the ellipsoid body. Within a region of interest, the gray values of all pixels with a common x-/y-coordinate were summed up along the z axis (creating voxels), the mean of all voxels was determined, and quotients of the R3/R2 intensities were calculated.
For co-localization analysis, images were first subjected to a deconvolution using the Huygens software and a theoretical point spread function (PSF) created by the software using the given image details and microscope settings. After the deconvolution, all optical sections displaying anti-GFP and anti-RFP immunoreactivity in the ellipsoid body were stacked. The Pearson's correlation coefficient (PCC) was calculated using the Huygens software with an automated threshold setting (Costes automatic threshold method). PCC is a measure of the linear correlation between two variables (green and red fluorescent pixels). PCC is the covariance of the two variables divided by the product of their standard deviations. Values can range from 1 for two images whose fluorescence intensities are perfectly linearly related, to À1 for two images whose fluorescence intensities are inversely related to one another.
Statistical analysis
Statistical analyses were performed with STATISTICA 8.0 (a level 0.05 in all cases). Single sample t test or Sign test was used to compare against the chance level of 58%. Kruskal-Wallis test was used for multiple comparisons, applying post Bonferroni hoc. Significance is indicated in all figures by: (n.s.) not significant; (*) p < 0.05; (**) p < 0.01; (***) p < 0.001.
